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 ¡u[a ®
¶5iklkuvosbiymn©cdqi© unl d$dSud$dgqiGci ¡u[a}¨un ¢oqi9lunp+¶Si9r¢pSl m xgx ikl.d/coqiydgm}l ¢mcl  b  i§¶Sideikip+dgqiGb«ikpsci x
unpsHdgqi x iklirt¨ni x 7Eqikpsl i ® uA x ik tuvdrt¨niBhjiku=b«o x ikh#ikp;dZrtb x i ©½i xx ikW¬ Ó ikpi d+uv \¬ 3 5/ x m=Sm;b«iUHdqi
bmv¥Älun ¢ tikDC5rtCEun#bglqihji ® qrtlHosbikbujlmnh%¶sr¢psuvdrtmnpmv©/dqi+¨un ¢oqiUbGmv©ª|
 ## uvpSOdgqi+pJoqh%¶5i x
mn©S tm=b«dªsunl  i dgbdgm£l tu=bbr¢©½a+ ¢m;bbikbunb/r x ik ¢iUbb«¥ x ik tuvdikm x l m=pqniUbedgr¢m=pc¥ x i ¡udgik¬ # qia%un tbm x m=Sm;b«iU
u£JaJ¶ x rt# tm=bgbªcr¡bl x rthjr¢psuvdm xk® srtljosbikbdgqi*<9r¡uv²
uvpS>yunrtqa=u É b 3 E5 ® C5rtCEununpsO`Jqr  ihjidqmcqb
unps¯b«r¢dglqiUb¤uvhjmnpsdgqihci5ipsqr¢pq¿m=p-dgqi´mn¶Sb«i x ¨=ik¿pqidem x lmnpsqrºdgr¢m=psb¬³Â$r¢o¯i dYun B¬ 3 (5
 x m=Sm;b«iUuHblsihjioSb«rtpq´ÂWm;bb w uvr x bunps­
r¡qcip¿~3u x m¨´~´mcci tr¢psdgiklqpsrtÈ;oqiUb¬ # qr¡b£m x
un tbm#osb«iUb9dqilSuvpq=ikb9mnp´| ## m¨=i x drthji£dm¤rtpc©½i x dgqilunosb«i£mn©/ tm=bgb«iUb¬
# qiun¶Sm¨=i»deaJ5i9mn©S tm=bgbcrº°Ei x ip;dgrtuvdrtmnpjluvp#¶5id x r¡l  auvpsoqp x i tr¡uv¶q tim¨=i x r x ik ¢iUbb/pqidem x b ®
¶5iklkuvosbi+ ¡u x nicik tu[aF9sosl.dgosudgr¢m=psbZu x i+rtpqqi x ikp;dZr¢p3boslHdeaJ5ikb
mn©ªpqi de9m xg b¬9~´m x im¨=i xU® b«m=h#i+mn©
dgqi# x ik¨Jr¢m=osb« ta;¥¦lrºdgik´9m xg b x i5m x d}rtpsu=ll o x u=l rtikb}r¢pdqiUb«ijcr¢°5i x ikp=dgrtuvdm x bk¬{
 ¡b«m ®  ¢idoSb x ih¤u x
dgsudmvdsi x unq x m=unlsikbEi ¼cr¡bed ® ¶Sunbik£mnp£osbrtpq
i ¼cq tr¡l r¢dl m=pqniUbedgr¢m=p}pqmndr¢ËSluvdrtmnpOÆ Ã Ó }ÇG3 H 5vdmZun ¢ tm
lmnpJ¨nikaJr¢pqHpqm=pc¥Äuvh%¶sr¢=oqmnosb ® i¼cq ¢r¡l r¢dlmnpq=ikb«drtmnp¿b«rtnpSuv ¡b£dm´dgqiYikpsJ¥¦qm=b«dgbk¬ Á iYqmik¨ni x  ¢rthjrºd
m=o x cr¡blosbbrtmnpOdgmIA«qo x iBipsJ¥\dmn¥\ikpsYunq x m=u=lqikb ® rtpdqi+bipsbiZdgsud9i£i ¼ql  tosci}dqi£5m=bgb«rt¶qrt ¢r¢dea
mn©/unp;a  rtpsmv©b«rtnpSuv tr¢pq#© x mnh dgqi x mnocdgi x b¶Sunl  dgmdgqi£d x u(JOl£bmno x l iUb¬
Á i+ x mn5m=biu#hjm x i x i tr¡uv¶q tiun ¢=m x rºdgqhå©½m x ikpsJ¥\dmn¥\ikpsOr x ik ¢iUbb9 tm=bgbGikb«drth¤udrtmnposbr¢ps Å rº°5¥
`ci x ¨jÆ Á ÂWÃ Å£Ç.® srtlrtb/¶su=b«iU+mnp+dgqi© unl.d/dSud Å r¢°`ci x ¨+pqi de9m xg b 3 k(5Jh¤u[a£ x m¨Jr¡ci»cr¢°Ei x ip;dr¡uv 
øø ðLKNMO!P
@  
  &(  &( (
	
   &
 x m=qqrtpqOdgmsu=l  idgbunllm x crtpqOdgmYdgqir x  x m= x iklikcikpsl iUb 3 n 5\¬ ¾ ©9m¨ni x un ¢  ¢m;bb x uvdi©½m x  tmi x
 x rtm x rºdeasunl  i dbªrtbpqmnd¨ni x aqrtn ® dqikpY9iZlunpObuv©½i ta#u=bboqhjidgsuddqil mnpsnikb«drtmnp¤ tm=bgb x udgiG©½m x
dgqi+qrtnqiUbed
 x rtm x rºdea¤Sunl  idgbGrt ¢ $¶Si+rtpsbr¢=pqrºË5luvp;dU¬ ¾ pHbosl´ujlu=b«i ® dqi+ tm=bgbGmv©qrtnqiUbed x rtm x rºdea
Sunl  idgbrt ¢ y¶5i¤h¤uvrtpq tacoqijdgm´r x i tikbgbi xgx m x bk¬ # ;oSb ® rºdr¡b£dm´¶5i¤i ¼c5ikl dikdgsud ® rtp=ipqi x un  ®
dgqi x iGrtb»u£nmJmclm xgx ik tuvdrtmnp¶5i de9iikp#r x i tikbgbsunl  i dª ¢m;bb x udgiuvpsdsiGdmvduv c tm=bgb x uvdiGmv©EqrtnqiUbed
 x rtm x rºdeajsu=l  idgbk¬ Á i£i ¼cq tmnr¢ddgqr¡bl m xgx i ¡udrtmnpO©½m x ikb«drth¤udgr¢pqdsir x i tikbgb tm=bgb x uvdi=¬  mvdgi}dgsud
dgqr¡b¶su=b«r¡lOl m=psl ikcd%mn©GoSb«rtpq Å rº°W`Ji x ¨ É b%¶qr¡unbik¿È;oqikoqrtpq3¶5isu[¨Jrtm x su=b+¶5iip-osb«iU§r¢p6u3b«rthjr¢ ¡u x
Gu[a#r¢p 3 [65 ® ©½m x rthj x m¨Jrtpq+dgqi
dg x m=oqnsqocdGmv© #ZÓw 9Sm
by¶Ja:A«qi ¥ x unpscmnhjrt²rtpq(B9dqi£l m=pqniUbedgr¢m=p
 tm=bgbikbk¬
# qi x ikhjunr¢pSci x mn©5dgqr¡bªsuv5i x rtb»m x =uvpsr¢²kik#unb/©½mn t tm
b¬ª`Jikl drtmnpO x i¨Jr¢ik
bybmnhji  ika%l m=psl ikcdgb
mn©ydsi Å rº°W`Ji x ¨3u x lqr¢diUl.dgo x i=¬%}o x  x m=Sm;bun $©½m x iUbedgr¢h¤udgr¢psr x ik ¢iUbbuvpS3l m=pqniUbedgr¢m=p3 ¢m;bbikb}rtp
Å r¢°`Ji x ¨¤psi de9m xg b»rtbGcr¡bgl osbgb«iU¤rtpH`JiUl.dgr¢m=p ,q® dm=nidqi x r¢drºdb9r¢p;dik x udgr¢m=p¤rºdgu x uvdi}lmnp;d x mn 
 x mndmcl m= B¬?`Jikl drtmnp @  x ikbip;db¤dsi x iUb«os ºdb¤mv©u¸br¢hoq ¡udrtmnpq¥\¶su=b«iU6b«doScamv© Á ÂWÃ Å ¬ 1 rtpsun ¢ ta ®
`cikl.dgr¢m=pH#lmnpsl ¢osqikb9dsi+suv5i x ¬
  ÷¸!¤G	  .  2.»/
# si ¾ Ã #21 Æ ¾ p;di x pqidÃypsnrtpqii x rtpq # unb 1 m x li Ç Sunbci¨=i tmn5ik3bmnhjib«dgunpsqu x qbuvpSHdiUlqpqmn tmv¥
=r¢iUb
rtp3m x ci x dmipsun¶q ti ;}osun ¢r¢deamn©`Ji x ¨JrtliÆ ;}m;` Ç boqq5m x d}rtp ¾Äw pqi de9m xg b¬ # si%hjm=b«d}r¡ci ta
u=llicdgikOunh#m=pq+dgqih r¡bydgqi Å r¢°5i x ikp=dgrtuvdiU`Ji x ¨Jr¡l ikbu x lqr¢dikl do x i%Æ Å r¢°`ci x ¨ Ç ¬ ¾ p Å rº°W`Ji x ¨ ® dqi
oSb«i x d x uJOlr¡b+bisu x uvdik3r¢p;dm´cr¢°Ei x ip;d Ó  tu=bbikbmv©`Ji x ¨Jrtli¶Sunbikmnp3dgqir x rtpscrt¨;r¡cosun  x iUÈ;oqr x i ¥
hjikp=db 3 k5\¬{9dZdgqiiUcnimv©ªdgqi%pqidem xE® iku=l´sunl  i dZr¡bZh¤u x ik´unlkl m x crtpq¤dgmOdgqid x iUudhjikp=d
dgsud/rºd/m=oq ¡+ ¢r  iydm x iklirt¨niyrtpsbrtqiydsi»pqidem x ¬ w unl  i d$h¤u x rtpqh¤u[a}¶5i9qmnpqiy¶Ja£ikqni x mnocdgi x b ®
¶Sunbikmnp x uvdi¥\hji dgi x r¢ps}m x 9sm-r¡cip;dgrºËSlkudgr¢m=p#hjiUlsuvpqr¡bhjb ® unpsun tbm£¶Jadsi
b«m=o x liuvqq tr¡ludgr¢m=p
rtpjm x ci x dgm x iUÈ=osikb«dªu£cr¢°Ei x ip;dr¡udgikHÆ½ikpqsuvpSl ik Ç d x ikudghjip;d©½m x bmnhjiGmv©5rºdbyqudu 3  , 5¦¬ # qih¤u x
m x dgunOr¡b}uOlmccikH¨uv toqirtp´dgqi Å rº°W`Ji x ¨ Ó mcci w mnrtp;d
Ësik t¸Æ Å ` ÓwÇ mn©ªdqi ¾Äw qiUunci x ¬ w unl  i dgb
r¢d§dgqiYbguvhji Å ` Ów ¨uv toqi¤¶Sik ¢m=pqHdmHdgqiYbguvhjiOl  ¡unbgbunpsr¢ t  x ikl ikr¢¨=ijdqiObguvhjijd x iUudhjikp=d
rtpsbrtqi%dgqijpqi de9m xg ¬ # qijcrº°Ei x ip;d£d x ikuvdhjip;dbusu x dgrtloq tu x}x mnoqdi x lkuvprthjq tihjip;du x ilkuv t ¢iU
w i x ¥Ä­
m=<9iSu[¨;rtm x bÆ w ­%< Ç ¬
}pqi%mv©ªdsib«dguvpSqu x crt²ik w ­%<Mrtb{Zbgb«o x iU 1 m x Gu x cr¢psHÆB{ 1ªÇ:3 =!5¦¬ # qi%{ 1¯w ­%<Êuv t ¢m
b
u
psi de9m xg  x m¨Jr¡ci x b«osqSm x dgr¢ps Å rº°W`Ji x ¨+dgm£mv°Ei x cr¢°5i x ikp=dª ti¨=i ¡bmn©s©½m x Gu x crtpqZunbgbo x unpsl iUb ® ©½m x/¾Äw
Sunl  idgb9unlkl mnhjq tr¡b«qrtpq%u%dgu x =i dd x mnoq=qqocd9©½m x iku=lYpqidem x uv= x i;udi=¬ ¾ dG x m¨;r¡ciUby©½m=o x { 1
©½m x Gu x crtpq´l  ¡unbgb«iUb£rºdg¿d x ikiY x mnqqrtpq´ x rtm x rºdgr¢iUb+iku=ldgsud#ci Ëspsi¤dqi x ik tuvdrt¨ni¤rthjSm x duvpsli
rtpsbrtqiOuvp¿{ 1 l  ¡unbgb¬ # sikbiO x m= x rtm x rºdgr¢iUb+u x ijosb«oSuv t ¢a3r¡cikp=dgrºËSik§r¢d¸l m= ¢m x bkµ   ©½m x dqi
 tm9ikb«d9 x mn x iUl iUcipsli#Æ½dqi+sr¢=qikb«d©½m x Gu x crtpq% x rtm x rºdea Ç ®  
 & ©½m x dgqi£hjrtqq ¢i£mnpsiunps 
©½m x dqi+sr¢=qikb«dmnpqi=¬
| ¾  ÆB|Ã Å rºdg ¾ pOuvpsY}oqd Ç 3  @ 5Sr¡bdqi}¶sunbr¡lÈ=osioqi
h¤unpsuv=ihjip;dyhjiklsunpqr¡b«håb«osrºduv¶q tiG©½m x
dgqiGb«idoq#mv©qdgqi{ 1Hw ­%<¬v{l.drt¨niGÈ;oqiosih¤uvpSuvnikhjip;d9ÆB{*;~ Ç h#iUlsuvpsrtbh¤b$ x m¨Jrtqil m=pqniUbedgr¢m=p
u[¨=mnr¡quvpSl i»uvddgqi x m=ocdi x ¬/| ¾ ¯r¡b/qi x r¢¨=ik+© x mnh |
Ã Å43 [65 ® qr¡l%r¡bmnpqi9mv©qdgqiG¶SiUbed¥  pqmp{*;~
hjiUlsuvpqr¡bhjbk¬+|Ã Å u[¨=mnr¡qb}lmnpq=ikb«drtmnp´¶Ja3l m=p;d x mn t ¢rtpq¤dgqi¤u[¨ni x uv=iÈ;oqioqijbr¢²ki#unpslmnhjsu x rtpq
r¢dun=uvrtpsb«djdem§dg x iUb«smn ¡qb ®
minth
uvpS
maxth
¬ ¾ psb«r¡ciHdgqrtb A«lmnpq=ikb«drtmnpc¥Äu[¨nm=rtsuvpsliBOr¢p;dgi x ¨[un  ®
Sunl  idgbu x icrtbglu x qikrºdg6u´ x m=¶suv¶qrt trºdeadsuvd x m
b+ tr¢psiku x  tar¢d¿dgqiu[¨=i x uv=ijÈ;oqikoqiYbr¢²kin¬
/ø
 
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Drop Probability
maxP
maxP
maxP
Red
Green
Yellow
1
maxth
minth
maxth
minth
maxthminth
RedRed Yellow
Yellow Green
Green
Average Queue
Size
1
1
0
0
0
avg 
avg 
avg 
Red + Yellow + Green
Yellow + Green
Green
1 r¢=o x ij=µ| ¾  Abeduv=ni x ikB
qrtbglu x  x mn¶sun¶qr¢ tr¢deaj©½oqpsl.dgr¢m=psbk¬
`ci¨ni x un W¨u x rtunp;dgbmn©»| ¾  i ¼crtb«d ® mv©ysrtl 1 rts¬/%b«sm
bGdqiIA«b«dgunn=i x ikd x ikbqm= tqb B+h#mccik  3 k5\¬
¾ d9luvp¤¶5i}biikpjdsuvdydsi
sunl  i dbªmv© tmi x  x r¢m x r¢deau x ihjm x i tr  i ta%dgm¶Si}crtbglu x qik¤unb»l mnhjsu x iU
dgmZqrtnsi x  x rtm x r¢dea}su=l  idgbk¬$~´m x im¨=i xU® rtpsl m=hjr¢pq}qrtnqi x  x rtm x rºdeasunl  i db$u x i»m=pq ta£ x m=qSiUu©¹dgi x
qrtbglu x crtpqHuv t ªdsi¤ ¢m9i x  x r¢m x r¢dea3su=l  idgbqip¿È;oqikoqi¤ ¢ikpqvdg¿bedu x dgbdmHrtpsl x iku=b«i ® r\¬ i=¬ ® co x r¢pq
lmnpq=ikb«drtmnpW¬
   ÷, (  ! .  

Á Â$Ã Å r¡bu6r x ik ¢iUbb ¢m;bbikb«drth¤udgr¢m=pùbglqihjidsuvdr¡bHcikbr¢=pqik dm¯qi tùlmnpq=ikb«drtmnp*lmnp;d x mn 
bglqikh#iUb ® rtp Å rº°W`Ji x ¨+pqidem x bWboqq5m x drtpq{ 1 ¥\¶Sunbikbi x ¨Jrtlikbk¬ # qi9rtciUu
mn© Á ÂWÃ Å r¡bdmZi¼cq ¢m=rºd
u=qcr¢drtmnpsun srtpc©½m x h¤udgr¢m=p x ik=u x crtpq£dgqilSu x unl.dgi x mn©W ¢m;bbikb ® srtlluvpY¶Si}mn¶cduvrtpqikjdg x mnoq=¤dqi
oSb«i
mn©Edqi{ 1w ­*<¬ # qi
 x mvdgikl drtmnp¤mv©qrtnsi x ¥\ x rtm x rºdeaSunl  idgbªrtpqqi x ikp;d»r¢pjdgqi}b«dgunn=i x ik#| ¾ 
un ¢=m x rºdgqh h#iUuvpsbdgsud ® r¢©Wdgqi£ ¢m;bb x uvdi}mv©W tmG¥\ x rtm x rºdea#sunl  i dbyr¡bpsmvdb«rtnpqr¢ËSlkuvp;d ® dqikpY9i}h¤u[a
u=bboqhji
dgsudGdgqi£ ¢m;bbmv©/qr¢=c¥¦ x rtm x r¢deasu=l  idgbrtb9qrtnq taYlm xgx ik tuvdikjr¢ddsir x i tikbgb» tm=bgb x uvdin¬
 	

# sisb«ikoscmn¥¦lmJqimv©Edqi Á ÂWÃ Å uv tnm x r¢dqh rtbybqmpjrtp 1 rts¬;c¬ª`JmnhjiZcidgunr¢ ¡bª tr  iqi dgqi x Æ uvpS
sm Ç dmikb«drth¤udi}dsi}l m=pqniUbedgr¢m=pO x mn¶sun¶qrt ¢r¢dea#u x iZr¢pY© unl.dbisu x uvdi© x mnh dsi}=ipqi x r¡l
uv tnm x r¢dsh7
dgqi+su x dgrtloq tu x lqmnr¡l iUb9bqmpr¢p 1 rts¬s#rt ¢ ¶5icr¡blosbbikrtp´`cikl.dgr¢m=psb , ¬ã#uvps , ¬ , ¬
{9d}dqi%bipSci x b«r¡ci ®SÁ ÂWÃ Å h¤uvrtp;dgunr¢psbZuOb«iksu x udgib«iUÈ;oqipslipJoqh%¶5i x
Nj
©½m x dqi#bed x iUuvhmn©
Sunl  idgbh¤u xg iU3r¢d¿l m= ¢m x
j ∈ {
 
,
 !
 &
,

}
® unbik ¢ yu=b+uHl mnhjhjmnp§bikÈ;oqipSl i#p;osh%¶5i x
N
©½m x uv t ªdsi¤sunl  i dgb+bip;d[¬ # qikbi¤Si x ¥¦ x iklikcikpsl i¤bikÈ;oqipSl ijpJoqh%¶5i x bu x ijikbgb«ikp;dr¡uv ª©½m x dqi
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ê[ÿUëBòë\àUò»íãæ.âBâWç\égëBòeâ#"[äòªàUæäò 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j  !"  
N
  #
Nj $%   # &')(+* %  , % -*   *!. % N   # Nj $/
0213	
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lgreen
(
lyellow
  #
ltotal $ 

lyellow < θ
&  
w = lgreen
 %  w = 0 $
p̂c =
56789 %   !2 (ltotal , w) $%   #   70:<;2 &=&9* p̂c $/
5678 %   !" (ltotal , w) 
pc = (ltotal − w)/(1 −w) $
p̂c ← αpc + (1− α) · p̂c $*  
p̂c $/
1 r¢=o x iqµ Á ÂWÃ Å un ¢=m x rºdgqhH¬
x iklirt¨ni x dm¶Sijuv¶s ¢i%dmHl mnhjqoqdidgqi?>  @ >  BA##  CA# Æ Si x ¥Äl m= ¢m xÇ  tm=bgb x uvdikb
lj
¬+{9d}dgqi x iklirt¨ni x
br¡ci ®EÁ ÂWÃ Å ikb«drthjuvdiUb
dgqi tm=bgbikb
ik¨ni x a´| ## ¬ ¾ d£lmnhjqocdgikbZdqi#¨uv toqi%mn©»r x i tikbgb} ¢m;bb x uvdi
woSb«rtpq3dgqi ¢m;bb x uvdi
lgreen
mv©   #! su=l  idgbk¬ Á qikp¸dgqi tm=bgb x uvdiYmn©
 ¢m9i x Æ   
 & 
Ç  x rtm x rºdea
Sunl  idgbr¡b+ ¢iUbbdgsuvp¿ud x iUb«qm= t
0 < θ ≤ 1
® dgqip Á ÂWÃ Å dgu  iUb
w
iUÈ=oSuv dmHdgqi¤ tm=bgb x uvdijmv©
  #  su=l  i db¬ ¾ ©ªdsi ¢m;bb x uvdi+mn© tm9i x  x rtm x rºdeaOSunl  idgbi¼ql iiUqbdgqi+dg x iUb«smn ¡ ® dgqip Á Â$Ã Å
lmnpsbi x ¨udgr¢¨=i taju=bboqhjikb9dgsudZun ¢  tm=bgbikbGu x i+coqi£dm¤lmnpq=ikb«drtmnp ® bm
w = 0
¬
¾ pdqi9¨u x rtunp;dmv©sdqiuv tnm x r¢dshùdgsud9i»dgikb«dik ® dqidmndgun ; tm=bgb x uvdi
ltotal
rtblun tloq ¡udiU+du  r¢ps
rtp;dm´unlkl m=oqp;d+un ¢ ydqi¤su=l  idgb ® r xgx ikbSiUl.drt¨nijmn©Glmn tm x ¬ <9iUb«r¡cikb ® dgqi x ikl ikr¢¨=i x bipsqb¶sunl  dgmHdqi
bipSci x unp{ ÓED rºdgHuHÆBb«hjmJmvdgqik Ç iUbedgr¢h¤uvdik¨uv toqi
p̂c
mv©/dqilmnpq=ikb«drtmnpY tm=bgbG x mn¶sun¶qrt ¢r¢dean¬
GF H"I KJ ML NI PO  
RQ  TSVU  WJ	X YL[Z\L ]J_^2` NI   ba   dc  fe
# si x iGu x ibi¨=i x uv Jl mnpsnikb«drtmnpjl m=p;d x mn J x mvdmclmn ¡b$dgsudySu[¨niG¶Sikipj x mn5m=bik%r¢p#dsi ¢r¢di x uvdo x in¬ Á i
rt t $©½mcl oSbZm=p3ikÈ;osuvdrtmnpc¥¦¶sunbik x udgi%l m=p=d x m= $ x mvdgmcl mn ¡bhg[¬ Á i%Ë x b«d}l m=psb«r¡ci x iUH¶Smnd #21 | Ó 3  ® 65
unps{}| Ó 3 E5yunb}dgqia´¶5mvdgosbi#hjuvdqikh¤udr¡lun h#mccik tbmn© #ZÓw ©½m x£x uvdijl mnp;d x m= 79i#qikl r¡ciU
dgmjr¢pqr¢dr¡uv t taY9m xg rºdgH{}| Ó ©½m x dqi x iku=b«m=psbqrtbgl osbgbik¶Sik ¢m+¬
i $æë\òEëBàégëMjlkKmCnOñéð»äæ.ç èyä$á ëBà9éð î»ç\égëBò "¹ñeæ.ðëBç æ.íê[çBæëBæñ«æ.í[ëBàégëSÿ[â\òeâqíãæ.â\âcêUçBæ.ôéôUáãíãá ë¹î»ëBæñ«éíãñeÿ[íìégëBòEë\à[ç æ.ÿ[û.à"ê[ÿUë
/ø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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#21 | Ó rtb9uhjiUlsuvpqr¡bh ©½m x iUÈ;osudgr¢m=pc¥\¶Sunbikjl m=pqniUbedgr¢m=pOl mnp;d x m= q©½m x oqpqr¡lu=bedd x u(JOl ® cikbrtnpqiU
dgm¶5i #ZÓw ¥B© x r¢ikpsc tan¬§{ #21 | Ó bipsci x u=[zeosb«dgbrºdb x udgiu=bu3©½oqpsl.dgr¢m=p¸mv©Zdqih#iUunbo x ik x udgi
mn©  &(#  (! .® si x iju tm=bgb£i¨=ip;dl mnpSb«r¡bedbmv©Gmnpqijm x hjm x ijsu=l  i db£ x m=q5ikrºdgqr¢p¿u´br¢psn ti
x mnospsJ¥\d x r¢drthjin¬ # qi "&6#  6  # 2A!&( r¢ t $m=¶J¨;rtmnoSb« tacr¢°Ei x © x mnh dsisunl  i d
 tm=bgb x udiOÆ½©½m x
udgqm x mnoq=cr¡bgl osbgb«rtmnpb«iki£in¬ s¬ 3 65¦¬ Ç ­
m9i¨=i xU®;Á Â$Ã Å iUbedgr¢h¤udgikb9dgqi+r x i tikbgbN> 2A    &(#I(  ®
dgJosb ® r¢dGrtbGrtpsl m=hjsudgr¢¶q tirºdgYdgqi£ ¢m;bb9i¨=ip;d x udgi}oSb«iUYrtpOdgqi #21 | Ó ikÈ;osudgr¢m=pW¬ Á ÂWÃ Å rtp© unl.d
psiiksb»dgm¶5i£l mnosq ¢iU¤dgm#uhjmJqi mv© #ZÓw dSud
luncdo x ikb»dsi  #( ¶5iSu[¨;rtm x mv© #ZÓw rtpYr x ik ¢iUbb
bgl ikpsu x rtm=b ® dgsudr¡b ® dgm¶su=l  mv°3m=pq ¢aYrº©/ ¢m;bbikb9u x iqoqidm¤l m=pqniUbedgr¢m=pYuvpsYdm¤cm#pqmndqrtpqjrº©/ ¢m;bbikb
u x i¤cosi¤dm´r x ik ¢iUbb«¥ x ik tuvdikqqikpqmnhjipSuq¬ # si x iUÈ=osr x ikhjmcci »bqm=oq tdu  i¤rtp;dm3u=ll m=oqp;d+dqi
r x i tikbgb» tm=bgb9 x m=¶suv¶sr¢ trºdea¤rtpu=qcr¢drtmnpdmdqi+lmnpq=ikb«drtmnpY tm=bgb x m=¶suv¶sr¢ trºdea ® qrtlr¡bpsmvdGdqi+lkunbi
r¢d #21 | Ó ¬
# m#dqi£¶5ikb«dGmn©$mno x9 pqm tikqni ® {Z| Ó 3 E5rtbdgqiË x b«dGdm#hjmJqi EdsrtbciUb«r x ik ® r¡cikun 5¶5iSu[¨;rtm x
mn© #ZÓw © unlr¢pqr x ik ¢iUbb/ tm=bgb«iUb¬${}| Ó r¡bªu x udgi ¥Äl mnp;d x m= =bglqihjidsuvdoSb«iUb/dqi9©½mn t tmr¢pqikÈ;osuvdrtmnpWµ
S =
1
4RTT
(
3 +
√
25 +
24
pc
)
,
Æe Ç
si x i
S
rtb»dsi}bipscrtpq x udgi
rtpOsunl  i dbªSi x biklmnps ®
RTT
r¡b»dqi x m=oqps#d x rt¤drthji ® uvps
pc
rtb»dqi
lmnpq=ikb«drtmnpH tm=bgbZ x mn¶Suv¶qrt ¢r¢dean¬ # qi% ¡uddi x rtb x i ¡udiUHdmYdqi%dmndguv /su=l  i d} ¢m;bbZ x m=¶suv¶sr¢ trºdea
π
uvpS
dgqi+r x ik ¢iUbb9 tm=bgbG x m=¶suv¶sr¢ trºdea
w
dg x mnoq=Ydgqi£i ¼c x ikbgb«rtmnpWµ
pc =
(
π − w
1− w
)
.
ÆB Ç
{}| Ó pqiiUqb+u9u[adm´lkuv ¡l oq ¡udgi
π
uvps
w
® rtpm x qi x dm©½o x dqi x l mnhjqoqdi
pc
7$pqmndi#dSud£dqi
¨un ¢oqi9mv©
π
rtbiku=b«rt taiUbedgr¢h¤uvdik© x m=hÊdqidmndgun ;Sunl  idgb x iUl irt¨niUuvpS+dsi»dgmvdgun Jsunl  i dgb$ ¢m;bed ® qr¡l
rtpdo x plkuvp¶Si  pqmpO¶Ja¤dgqi x iUl irt¨ni x ¶Ja¤ tmJm  r¢psudGdgqi+b«iUÈ=osipsli}pJoqh¶Si x bk¬ Ó uv ¡l oq ¡udgr¢pq
w
rtb
d x r¡l  aunpsj{Z| Ó-x ik ¢rtikbªm=p#dqiZ~{ Ó  ¡u[ani x dm=i dªdgqrtb» ¢m;bby x m=¶suv¶sr¢ trºdea=¬­Zmik¨ni xU® dgqrtbuvq x m;unl
¨Jrtmn ¡udgikb»dqiipsc¥Bdgmv¥¦ips¤Su x uncrtnh uvpS¤r¢ t EpqmvdG9m xg r¢©Wdgqi x i}r¡bpqmGu[a#dmmn¶cduvrtpOdsi}r x ik ¢iUbb
 tm=bgb9 x mn¶sun¶qr¢ tr¢dea¤© x m=h0 tmi x  ¡u[ani x bk¬
1 m x dgqikbi x iUunbmnpsb ® 9i´ x mn5m=biHosb«rtpq Á Â$Ã Å rtp³l m=pzeoqpsl drtmnprºdg {Z| Ó m¨ni xjÅ r¢°`Ji x ¨;¥
ikpsuv¶s ¢iUHpqi de9m xg b¬G{Zb}crtbgl oSbbikH¶5i ©½m x i ®sÁ ÂWÃ Å lkuv ¡l oq ¡udgikb
w
¶;aosbr¢ps¤dqi% ¢m;bb x udgimv©   #!
Sunl  idgb ® qr¡l-rtp-dgo x p¯lkuvp-¶5i  pqmp-¶Ja¸ tmJm  r¢psudjdgqi´b«iUÈ=osipslipJoqh¶Si x
N 
	
	

mn©}b«oSl
Sunl  idgbk¬ Á Â$Ã Å oSb«iUbYu§ tm=bgb¤ikb«drth¤udrtmnp³hjidqmc¯dm-r¢pc©½i x dsi¨uv toqikbOmv©
pc
®
w
uvpS
π
¬Ê{9d
 x iUb«ikp=d ® i+m=pq taYikb«drth¤udgi£dqi¨un ¢oqi+mn©
pc
® unb
bqmpr¢p 1 rts¬S ® ¶SiUlunosb«i+m=pq taOdSudZÈ;osuvp;dgrºdeartb
psiikqikdml mnp;d x m= dqib«ikpscrtpq x udi=¬ # qi¨uv toqimn©
w
luvp3un tbm¤¶5ir¢pq©½i xgx iUHr¢p´dgqi%bguvhjiGu[aOr¢©
psiikqikH¶Jaunqq trtlkudgr¢m=psb ® bu[a ® ©½m x ci dgi x hjr¢pqrtpq¤dgqi% ti¨=i mv©©½m x 9u x i xx m x lm xgx iUl.drtmnp¿Æ 1 Ã ÓGÇ dm
¶5i+osbik¬
¾ punqcr¢drtmnpYdm Á ÂWÃ Å® i£uv ¡bmsu[¨ni}r¢p;dgi x udgik¤bmnhjiZhjiUlsuvpqr¡bhjb»© x mnh #21 | Ó Æ cr¡blosbgb«iU
rtp 3 65 Ç rtp=dgmY{Z| Ó ¬ 1 m x i¼quvhjq ti ® irtpqr¢dr¡uv t ¢aHrtpsl x iku=b«i£dgqibipScr¢ps x uvdirtpuj© u=bed}9u[aHb«rthjr¢ ¡u x
 ç æ
?ð[æä¯æ.ð;þ5ä$à[òeðjäòZâ¦éeî j k]mCn"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/øWö§ç\égëBò "¹ñeæ.ðëBçBæ.í/â\ñ¦à[ò òZáãð¤ñeæ
9ô[áãðégëBáãæ.ðäá ëBà jlkKmCnþ=ß  øWö â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dgm #ZÓw
É b}`J tmM`;du x dk¬9Â$udgi xU® dsi x uvdi+r¡b
cidi x hjr¢psik¶JaYdgqi #ZÓw hjmJqi $iUÈ;osudgr¢m=pÆ« Ç ¬ ¾ ©dqi
hjmccik Sboqn=ikb«dgbrtpsl x iku=b«rtpqdqi x uvdi ® dqikp¤i
unoqnhjikp=dªdgqiZbipsqr¢pq x udgi¶Ja#uvdyh#m;bedmnpqisu=l  id
5i x | ## 7qmndqi x r¡bi ® r¢d
rtbcr x ikl.dg ¢a x iUcosl iUdm#dqilmnhjqocdgik¨uv toqin¬
   NeKe 
'e WL  NI
Â$m=bgb$iUbedgr¢h¤uvdrtmnpr¡b/Si x sunsbdqi9hjm=b«d/rthjSm x duvp;dsu x dmn©SuvpJa£ikÈ;osuvdrtmnpc¥¦¶sunbik%l mnpsnikb«drtmnplmnp;d x mn 
hjiUlsuvpqr¡bh¬`Ji¨=i x uv J tm=bgbikb«drthjuvdm x b/su[¨=i9¶5iikp¤crtbgl oSbbikr¢pdsi ¢r¢di x uvdo x in¬ # qiG ¢m;bbiUbedgr¢h¤uvdm x
dgsud£9i%9mnoq ¡3 tr  idgmosbi#rºdg Á ÂWÃ Å b«qm=oq ¡3su[¨=idsi%©½m= ¢ tmr¢pslsu x u=l.di x r¡b«dr¡lbkµ9r¢d+b«qm=oq ¡
du  i
 ¢m;bbqr¡bedgm x artp;dm#unllmnoqp;d ® r¢dGbqm=oq tOa;rti ¡Ou A«bhjm;mndBZiUbedgr¢h¤uvdiZmn©dqi tm=bgby x mn¶sun¶qrt ¢r¢deaÆ r¢p
m x qi x dmOu[¨=mnr¡¤© unb«dm=bgl rt ¢ ¡udgr¢m=psbGrtpdgqibipscrtpq x udi Ç uvps ® udGdqibguvhjidrthji ® r¢d}bqmnos t¶Si£© u=bed
ikpqmnosndm¤ci dgikl dZl mnpsnikb«drtmnp¶qoqrt tc¥\oq$¬
Á i#Ë x b«ddikb«diUuYd x r¢¨Jr¡uv / ¢m;bb}ikb«drth¤udgr¢m=phji dgqmc¶Ja3l m=oqp;drtpqY tm=bgbikb}m¨ni x uOdgr¢hji#r¢pScm
mn©
n > 1
| ## bk¬{}b%rt ¢ 9¶5icr¡blosbgb«iU¿r¢p¯`Jikl drtmnp @S® 9iO©½m=oqps§dgsuddqr¡bh#idqmc x ikboq ¢dgbr¢p
b«d x mnpsm;blr¢ t ¡udrtmnpSb+r¢p§dgqibipScr¢ps x uvdin¬ # Josb ® 9iOcm3psmvd x iklmnhjhjipsdsiYosbiOmv©9dsiOdrthji ¥
rtpscm§hji dgqmc¬ Á iyËSpsuv t ¢a£bi tikl.dgik£dgqiy9i t º¥  pqmp£Ã Á ~3{MÆ½i¼J5mnpsip;dr¡uv t ¢a;¥¦ikr¢=;dikhjm¨Jr¢ps
u[¨=i x uv=i Ç ikb«drthjuvdrtmnp§hji dgqmc ® qrtl§osbikb+dqi¤©½m= ¢ tmrtpq´oqEqudgiOikÈ;osuvdrtmnp©½m x lmnhjqocdgr¢ps´dqi
iUbedgr¢h¤uvdikÈ;osuvp;dgrºdea
Ê
© x mnh dgqil o xx ip;d
bunhjq ¢i
E
µ
Ê ← αE + (1− α)Ê,
Æ ,=Ç
si x i}dgqi+9irtn;d
α ∈ (0, 1)
ci dgi x h#rtpqiUb9dqi*A x iUb«5mnpSb«rt¨nikpqikbgb BZmn©$dgqi+ikb«drth¤udm x ¬
{}bbqmprtp 1 r¢S¬[ ® iosb«iU£dsi»Ã Á ~3{6hji dgqmc+dm}ikb«drth¤udi
pc
¬ # si»ikb«drth¤udgik ® bh#mJmndqiU
¨un ¢oqi£mn©
pc
rtbbip;ddgmdgqibipsci x qr¡loqdrt ¢rt²iUbGrºdZcr x ikl.dg ¢ar¢pdsi{Z| Ó³x udgi£ikÈ;osudgr¢m=pÆ« Ç ¬
   G+%/.9 (³	}£/ 
Á i£r¢ t Wpqmù x ikbip;dGujbr¢hoq ¡udrtmnpHb«doscaYmv© Á ÂWÃ Å rtp´l m=h%¶qrtpsudgr¢m=pYr¢d´{Z| Ó ¬ Á i+u x i£r¢p;di x ¥
iUbedgikjrtp¤ ¢mJm  rtpq+ud»dqi
 trtp  oqdrt ¢rt²kuvdrtmnp¤rtp¤r x i tikbgbªpqidem x bªuvpS#dml m=hjsu x iGdqi Á ÂWÃ Å ¥¦{}| Ó
bglqikh#i´r¢d*mvdsi x lmnpq=ikb«drtmnp³l m=p=d x m=  x mvdmclmn ¡b#© unl rtpq¿dgqibguvhji3r x ik ¢iUbbj tm=bgbOlmnpscr¢drtmnpSb¬
~3m x im¨ni xk® 9i}dgikb«diUYdgqib«dguv¶sr¢ trºdeaYmv©/bipScr¢ps x uvdi£uvpsdsi #ZÓw ¥B© x rtipsc trtpqikbgbGmv©/dqibglqikh#i=¬
 
 J #WJ	I KL EJ MU	
¾ p¯dgqrtbb«iUl.dgr¢m=p69i3cikbgl x rt¶SiHdgqi´nikpqi x uv 
bi ddrtpq=bjdgsudO9i´osbik6dm¿ik¨uv tosudgi Á ÂWÃ Å ¬ # qiUb«i
bi ddrtpq=b x ih¤unr¢pdqibguvhji©½m x un ¢ Edgqibr¢hoq tuvdrtmnpsbGospq ¢iUbbb5ikl r¢ËsiUmndqi x r¡bin¬
{Z ¢ $dikb«dgbZi x iqmnpqi+r¢dHdgqi%9i t º¥  pqmppsbe¥ejbr¢hoq tuvdm x 3 U(5¦¬ # qi=ipqi x un Edm=Sm= ¢m=naOdgsud
9i£osbikrtbZunb
bqmpr¢p 1 r¢S¬ , ¬9`Jr¢hoq ¡udiUdrthji+rtb+[vjbikl m=psqbk¬y{
 t Wdgqi+ ¢rtp  b
u x i£mv©/dsi%bunhji
lkuvsu=l r¢dea ® ikÈ;osuv sdm%%~´¶qsbk¬ # qiZ¨uv toqi
mn©$| ## Æ pqmvdGl m=psb«r¡ci x rtpq£dsi}È;oqiosr¢pqci ¡u[a Ç rtbG @ £h¤b¬
# si£dmn5mn tmn=a x i x ikbip;dgbujpsi de9m xg qi x i£dsi tu=bed
 trtp  r¡bZujr x ik ¢iUbbGm=pqiuvpSlmnpq=ikb«drtmnpHlunp
mclkl o x zeoSbedY¶5i ©½m x i3dqi3Sunl  idgbOu x i3bip;dYm¨=i x dgqi3 tr¢p  Æ½i=¬ S¬ ®	
 ~ # `uvpS³n=q¬¢=psi de9m xg b Ç ¬
# siFAer x ik ¢iUbbj trtp  b B ® srtl³u x iH x ikbip;dOud¤dsi3ips¯mn©}dgqiFAe¶5mvdd tipqiUl   tr¢p  B ® hjunr¢ps ¢a¯b«i x ¨=i
dgmHr¢p;d x mccosli¤r x i tikbgbsunl  i d+ ¢m;bbikbk¬ # qr¡b+rtb+qmnpqi¤osbrtpq´ubrth#s ¢iO x mnhjmcci ªdgsud%qrtbglu x qb
/ø
 
		


 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(&( H
1
2
M
1
2
M
Router Router
Bottleneck  Link
(with RIO)
WLED 
Senders
WLED
Receivers
Wireless
Links
1 r¢=o x i , µy`Jr¢hoq ¡udrtmnpdgmn5mn tmnna=¬
# un¶q ti#=µª| ¾  bi ddrtpq=b+Æ
Q  
dmndguv ¶soc°5i x  tipqnd Ç ¬
Ó mn tm x
thmin thmax maxp
  #  q¬ãv
Q
q¬ì
Q
s¬ ;
 !
 & q¬ , 
Q
q¬ãv
Q
s¬¢
 # q¬tk
Q
q¬ , 
Q
s¬ 
dgqi¤su=l  i db x unpscm=h# ta3r¢d§dgqi¤nrt¨nikpr x i tikbgb£ ¢m;bb£ x mn¶Suv¶qrt ¢r¢dean¬ # qi¤ips5mnrtp;dgb%u x i#dgqi
MÁ Â$Ã Å ¥¦{}| Ó bipsqi x buvps
M
Á ÂWÃ Å ¥¦{}| Ó x iklirt¨ni x bk¬ # qi%bipsqi x bu x ipsmvdZquvdgu¥¦ tr¢hjr¢dik ® r\¬ i=¬ ®
dgqia¤lkuvpYbipsYudGqr¢= x udiUb»cikSikpscrtpq#mnp¤dgqi}¶Suvpscr¡JdgYu[¨uvrt tun¶qr¢ tr¢dean¬~´m x im¨=i xU® dqi£bipsci x b
u x i x ikb5mnpsbr¢¶s ¢i+dgmYh¤u xg dgqir x sunl  i dgbZunb   # s® !
 & m x: # ¬ ¾ p3hjm;bedmv©dqi%diUbedbZ9isu[¨=i
oSb«iUOuvpunbgb«o x ik x udgi}mv©/nY¬ Á ir¢ t luv t Sdqr¡bGu A«h¤u xg rtpq x mnËs ¢iZmv©/n B¬ # qii °Eikl d9mn©Wdqi
h¤u x rtpq x mnËs ¢i£m=pYdgqi+Si x ©½m x h¤unpsl i£mv© Á ÂWÃ Å rtbun tbm¤cr¡blosbbik ¡udi x ¬
Á ioSb«iU§dqiH| ¾  {*;~dgmbi d#oq¸dgqi{ 1Mw ­*<årtp-m=o x br¢hoq ¡udrtmnpSb¬ Ó mnpcËs=o x r¢pq| ¾ 
unpsHr¢dgb}su x uvhji dgi x br¡bZrtp3r¢dgbi ¢©»uOb«iksu x udgi%u x ikujmn© x iUb«iUu x l 3 k ®  H c!5¦¬}}o x | ¾  b«id«dgr¢pq;b ® unb
bqmp´rtp # uv¶q tiO ® u x i%È;osun ¢r¢dguvdrt¨ni tal ¢m;b«idmOdgqi%¨un ¢oqiUb
osbik3r¢p´dgqiun¶Sm¨=i+m x bk¬
~´m x im¨=i xU®
9isu[¨=i%lqm;b«ikpHdqiIA«b«dgunnni x iUB£| ¾  hjmccik 9ÆBb«qmp´rtp 1 rts¬/ Ç dgsudrtb x ikl m=hjh#ikpsciUHr¢p 3 k5\¬
# si| ¾ Mun ¢=m x rºdgqhåosbikbGuvpOÃ Á ~3{ùËs ºdgi x dm#ikb«drth¤udgiZdgqiu[¨=i x uv=i
È=osioqi ¢ikpqvdgYm¨=i x dgr¢hji£rtp
dgqi+bunhjih¤unpqpqi x u=b|Ã Å ¬ # qi+b«hjmJmvdgqpqiUbb9mv©dqi£ËS ºdgi x mnoqdqocd
cikSikpsqbm=pu9irtn;d
wq
7ci
Su[¨ni}©½mn t ¢m9ikYdqi x iklmnhjhjipssudrtmnpSbmn© 3 n(5$uvpsosbik
wq   0.0013
¬
# qiH¨uv toqimv©
Q
® dqidgmvdgun G ¢ikpqvdg-mv©
dgqi´| ¾  ¶qoq°5i x bqm=oq t-¶Si´u=b#bh¤uv t unbSm;bbr¢¶s ¢idm
hjrtpqrth#rt²i
dqiÈ=osioqrtpq%cik tu[a=¬ª}pjdgqiZmndqi x sunps ® rºdGb«qm=oq ¡j¶Si
 ¡u x niikpqmnosnObmunbªdgm%u[¨nm=rti ¼J¥
likbgb«rt¨ni9 tm=bgb«iUbmv©   #  sunl  i db¬/{©¹di x bmnhji9dikb«dgbyi9Ëq¼cik
Q
dm , =  ¶Ja;diUb ® srtl¤l m xx ikb5mnpsqb
dgm¤uv¶5mnocddg x ikidrth#iUbGdsi+¶suvpsqrtJdgc¥Äci ¡u[aO x mccosl.dU¬
  â\â\ÿUçBòeó%ç\égëBòáãâë\àUòGû.ÿéçBéðëBòeò«ó¤çBégëBòGë\æZë\à[ò9ÿ[â\òeçyôî+ëBà[òdná  ò«çð[òÄë¹äæ.ç èêUçBæUáãó[òeç  ¡ë»áãâç æ.ÿ[û.à[í î%ò!kÿéíë\æ£ëBà[ò
ç\égëBòZæ
	Oêéñ\è.òeëBâGôvòeñ«éÿ[â\òZá ë»â\áãû.ð[á ïòeâyë\àUò}êvòeçBñeòeð ë¦éû.ò}æ$ëBà[òZÿ[â\òeç  â»ëBçBéñZëBàégë»ä$áãíãí5û.òÄë9ëBà[ò
ôvò«â ëë\ç ò«égë òeð ë!
øø ðLKNMO!P
U  
  &(  &( (
	
   &
GF `    c_J PO NeKe 
'e WL  =L I X    J	e    X
θ
1 m x  ¢m;bbikb«drth¤udgr¢m=p ® i}su[¨nib«ik ¢iUl.diU¤dgqi}Ã Á ~3{Mh#idqmcY¶SiUluvoSb«i}dqi}drthji ¥¦r¢pScm³hji dsmJ
 x mccoslikbªm;blr¢ t ¡udrtmnpSbªr¢pjdgqi}bipScr¢ps x uvdi ® unb»b«ikip¤rtp 1 r¢S¬;qÆBu Ç ¬/|
uvdi
m;blr¢ t ¡udrtmnpSbyuvq5iku x qikp
dgqi
 tm=bgbªikb«drth¤udgr¢m=p¤rtb»pqmvdbhjmJmvd ® u=byb«smp#rtp 1 rts¬ @ Æ u Ç ¬/Ã Á ~3{ =r¢¨=ikbyu¶Sid«di x 5i x ©½m x h¤uvpsli
¶Ja#aJr¢ik tcrtpq#u%bh#mJmndqi x ikb«drth¤udgiZmv©
pc
® dg;oSb» tiku=cr¢ps+dm#u%bh#mJmndqi x bipscrtpq x udgi 7;pqmnpsi dsi tikbgb ®
dgqi´b«hjmJmvdgqpqiUbb¤cikSikpsqb¤m=p-dgqiH¨uv toqiHmv©dqiH9irtn;d
α
¬ `Jik ¢iUl.drtpq§dgqi x rtn;d¤¨uv toqiHmv©
α
rtb
psmvd+mn¶J¨Jr¢m=osb ® ¶SiUluvoSb«i#rº©9dsrtb+9irtn;d£rtbdgmJmsr¢=dgqipdqiObipScr¢ps x udgirt t dipSdgmHm=bgl rt ¢ ¡udgi
ÆBb«iki 1 rt=bk¬WqÆ ¶ Ç uvps @ Æ ¶ Ç«Ç ® qi x iUunb}rº©Grºd+r¡bdmJmH ¢m dqikpdgqi¤b«ikpsci x rt t ª¶Si¤b ¢m?dgm x iUunl.ddm
lmnpq=ikb«drtmnpW¬ Á ilqmJm=bi
α = 0.005
unbr¢dZbiih¤bGdgm x ik x ikbip;dGuj=mJmJl m=hj x m=hjrtbi£¶Sideikip x uvdi
b«dgun¶qrt ¢r¢deauvpS x ikbSm=psbr¢¨=ipqiUbbk¬ # qr¡b+¨uv toqi¤uv ¡bmbiikhjbdgmHm x 9i t ©½m x cr¢°Ei x ip;dr x i tikbgb ¢m;bb
x udgikb ® unbbqmprtp 1 r¢;b¬ @ Æ l Ç unpsHqÆ l Ç ¬
Á i©½m=oqpsHdgqi%5i x ©½m x h¤uvpslimv© Á ÂWÃ Å r¡b}pqmvdZ¨=i x abipSb«r¢drt¨ni+dgmOdgqi%¨uv toqimn©
θ
® qmik¨ni xk® u
 tm ¨un ¢oqi¤h¤u[a3 tiku=3dgm´oqpsci x iUbedgr¢h¤uvdrtmnpmv©
w
¬H}pdqiYmvdsi x sunps ® uqrtnsi x ¨uv toqijmv©
θ
luvp
 tiku=¤dgmm¨=i x ikb«drthjuvdrtpq
w
qip   su=l  i db»=i dG ¢m;bedcoqi}dmjl m=pqniUbedgr¢m=pÆ¹dgqmnosndqr¡bGb«qm=oq ¡
psmvd»¶5i© x ikÈ;oqip;dbrtpsl iZ| ¾ ³mn°5i x bu£nmJmc x mndikl drtmnpjdgm+dqi  #  su=l  idgb Ç ¬ # qi
¨uv toqi
mn©
θ
Gunb
lsm=bipdm¤¶5i
0.5
r¢p´uv t dgqi%br¢hoq tuvdrtmnpsb
i ¼ql ikcd
r¢p 1 rt=bk¬ @ uvps3 ® qi x i
θ = 0.8
9u=bGosb«iUµy9i
qrtb«mH¶5iklkuvosbiji x i#hjm x i#lmnpsli x pqikuv¶5mnocd+ËspScr¢psHu=m;mcb«id«drtpq©½m x
α
uvpscr¡pqmnd9unp;d
psmnr¡b«i£rtpdgqi+ikb«drth¤udgr¢m=pcosi£dm´Æ u#5m=bgb«rt¶q taOdmJmj tm Ç
θ
¬
   fI #)L NI
}psi%nm;uv Wmn© Á ÂWÃ Å r¡bZdmYrthj x m¨ni tr¢p  oqdrt ¢rt²kuvdrtmnpciUb«srºdgi%r x ik ¢iUbbZ ¢m;bbikbk¬ Á i%hjiku=b«o x iUHdqi
 trtp  ocdgr¢ trt²kudgr¢m=p§rºdg Á ÂWÃ Å ¥¦{}| Ó r¢d¸qrº°Ei x ip;d¨uv toqikbmv©
w
¬ Á iYbi d+dgqiOpJoqh%¶5i x mv©Gosb«i x b
M
dm
20
¬ 1 m x l m=h#Su x rtbmnpqo x Sm;b«iUb ® i%un tbmjhjikunbo x ikdsi%5i x ©½m x hjunpsl i£mn© #21 | Ó uvps #ZÓw
 i
|ikpqmjoqpsci x dsi£bguvhji+l m=pscr¢drtmnpsbGr¢d´¨u x aJrtpqr x i tikbgb tm=bgbG x mn¶sun¶qrt ¢r¢dean¬
1 rts¬qjb«sm
b»dgqi£ ¢rtp  oqdrt ¢rt²kuvdrtmnp©½m x cr¢°5i x ikp=d¨uv toqiUbGmv©$dgqi£r x i tikbgb9 ¢m;bb9 x mn¶Suv¶qrt ¢r¢dea
w
¬ ¾ d
lkuvp¶Sibiikpdsuvddqi+ tr¢p  ocdgr¢ tr¢²Uudgr¢m=pr¢d Á Â$Ã Å ¥Ä{Z| Ó r¡buv t9u[acb
> 90%
® i¨=ipqip
w
rtbZunb
sr¢=Ounb»s¬  ® si x ikunbyocdrt ¢rt²kuvdrtmnpY x m=sbybsu x q tar¢d #21 | Ó uvpS #ZÓw ©½m xx ik tuvdrt¨ni ta% tm¨uv toqikb
mn©
w
¬ Á ÂWÃ Å Si x ©½m x h¤b¶Sid«di x dsunp #21 | Ó uvps #ZÓw  ik
|ipsm¶5iklkuvosbi
dgqi} ¡uddi x de9m© unr¢ 5dm
qrtb«drtpqnosrtbunhjmnpq¤l m=pqniUbedgr¢m=punpsYr x i tikbgbG ¢m;bbikbk¬
   =` a	fJ	I X  IbJ	eKe
Â$r¢p  ocdgr¢ tr¢²Uudgr¢m=pHun ¢m=pqi+r¡bpqmvdZuj=mJmJrtpscr¡luvdm x mn©/5i x ©½m x h¤uvpsli©½m x lmnpq=ikb«drtmnpHl mnp;d x m= h#iUlsu¥
psrtbh¤b 7Jb«oSl#hjiUlsuvpqr¡bhjb»b«qm=oq ¡¤uv ¡b«mbsu x i9dqiu[¨uvrt tun¶q ¢iG¶sunpscr¡Jd¤rtpYu© unr x Gu[an¬ª`Jrtpsl i}{Z| Ó
GunbGciUb«rtnpsikYdm¤¶5i #ZÓw ¥B© x rtipsc ta ® 9idiUbedgik Á ÂWÃ Å ¥Ä{Z| Ó ©½m x rºdb #ZÓw ¥\© x rtipSc ¢rtpqiUbbGosbrtpqjdqi
dgmn5mn tmn=ab«smprtp 1 rts¬J¬ # qicrº°Ei x ipSl ij© x mnh dgqiOm x rtnrtpsuv ªbi d«dgr¢ps=b+r¡b£dSud
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#ZÓw osb«i x b
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M
Á ÂWÃ Å oSb«i x bk¬/{Z ¢ Eosbi x b»lmnhj5i di}©½m x dsir x bsu x i
mn©dqi¶Smnd«¥
dg ¢ikpqikl  ¶Suvpscr¡JdgW¬ ¾ pu=qcr¢drtmnp ® dgqi #ZÓw 9sm
bcm & d x u[¨nik Wdg x m=oqnr x i tikbgb} ¢rtp  b¬ # srtb
Gunb}cmnpsicoqidmYdqi© unl dZdgsud #ZÓw cmJikb}pqmnd£cr¢°Ei x ip;dr¡udgi%¶5i de9iipr x i tikbgbZunps3l m=pqniUbedgr¢m=p
 tm=bgbikbunps¿r¢dgbSi x ©½m x h¤uvpSl i¤h¤u[a¶5iY¶Sun¿m¨=i x r x ik ¢iUbb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¬ # ;oSb ® pqmr x i tikbgb+ tm=bgb«iUb9i x i
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M
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w
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# mZdgikb«ddqiGrth#Sunl.dmv©sdqiGh¤u xg r¢pqblsihjim=p Á Â$Ã Å ¥Ä{Z| Ó i9osbik+dgqi9dm=Sm= ¢m=na+b«smp%rtp
1 rts¬rºdg
M = 12
¬ Á iyhjiku=b«o x iUZdgqib«dgun¶qrt ¢r¢deaZm¨=i x dgr¢hjiymn©;dgqi»bipsqr¢pq x uvdiª¶Jalmnhjqocdgr¢ps
rºdb
lmJi!JOl rtip;d»mn©E¨u x r¡udgr¢m=pHÆ Ó m > Ç.® dgsudrtb ® dgqi x udgr¢m+mn©EdqiZb«dgunpsqu x jcik¨;r¡udgr¢m=pjdm+dgqi
hjikunp¤¨uv toqi 7
u tm Ó m >å¨[un ¢osi¤h#iUuvpsbqr¢=qi x+x udgi¤beduv¶qrt ¢r¢dean¬ ¾ pm x qi x dm3lkuv ¡l oq ¡udgidgqi Ó m > ® d x m=oqnqsocdgb
9i x iYhjiUunbo x iU OoSb«rtpqudrthjirtpscm mn©%Hb¬ # qi¨uv toqikb#mv© Ó m > m=¶cdgunr¢psik¸r¢d¯cr¢°5i x ikp=d
h¤u x rtpq x mnËs ¢iUbGuvpsr x ik ¢iUbb9 tm=bgbG x m=¶suv¶sr¢ trºdgr¢iUbGu x ibqmpr¢p 1 r¢S¬ H ÆBu Ç ¬ # sii xx m x ¶su x bbqm
dgqiHci¨Jr¡udrtmnp-mv© Ó m > ¨uv toqikb¶5i de9iip6crº°Ei x ip;djosbi x b¬ ¾ djlkuvp¸¶5iHb«ikip¸dgsuddqi Ó m > dikpsqb
dgmHr¢psl x iUunbiÆ h#iUuvpqrtpq´uHcikl x iUunbi%rtp x uvdijbeduv¶qrt ¢r¢dea Ç ©½m x  tmi x ¨uv toqiUb£mv©9u=bbo x ik x udgin¬ # qr¡b£rtb
¶5iklkuvosbi ¢m9i x ¨uv toqikbGmn©/u=bbo x ik x udgi#Æ
< 30%
Ç h#iUuvpYdsuvd
 ¢iUbb   #! Sunl  idgbGu x i£u[¨[unr¢ ¡uv¶s ¢iZ©½m x
iUbedgr¢h¤uvdrtmnpSi x | ##£® qipsli ® dgqiÈ;osuv tr¢deaOmv©dqi+iUbedgr¢h¤udgr¢m=p´ci dgi x r¢m x uvdikbk¬
¾ pOm x qi x dgm%b«ikidsiZi °Eikl dmn©dqi
h¤u x rtpq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q tmvddik¤dqi x uvdrtm
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bunps´dg x mnoq=qqocd£mv©dmvduv  #ZÓw 9sm
br¢p 1 rts¬ H Æ½¶ Ç ¬ # qi
5i x l ikp;dguv=i+mv©»u=bbo x ik x uvdi%unps´r x ik ¢iUbb
 ¢m;bbZ x m=¶suv¶sr¢ trºdeai x i%¨[u x rtik´unps ® ©½m x ikunl3lkunbi ® dqi
brth%oq ¡udgr¢m=pGunb x oqpUdrth#iUb¬ # siu[¨ni x uv=iZuvpSb«dgunpsqu x ci¨Jr¡udrtmnp ® b«qmp¶JaOdsi+i xgx m x ¶su x b
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